Mixing Garrett's [1983] theory, relating the effective small-scale diffusivity to the rms strain rate and tracer streak width, requires a scale factor of 2 when the observed growth rate of streak length is used as a measure of the strain rate. This scale factor will be different for different measures of the strain rate and may also be affected by temporal and spatial variations in the mesoscale strain field.
Introduction
The kinematics of tracer dispersal provides a basis for describing the distribution of natural and anthropogenic tracers in the ocean. In this paper we examine the horizontal dispersion of a localized tracer observed during the North Atlantic Tracer Release Experiment (NATRE). Our goal is to understand what these observations can tell us about both small-and large-scale advective and diffusive processes in the ocean. that of the straining eddies, the patch growth can be modeled as a mixing or diffusive process. For such times, assuming a patch radius of 2a, where a2 is the patch variance, the area A occupied by the tracer will grow linearly in time, A -8•nst,
where ns is an effective small-scale diffusivity and t is time. Young et al. [1982] Lo -2(ns/"/rms) 1/2 is the transition scale of the patch. Garrett [1983] presumed that the streak growth rate A should be nearly equal to the rms strain rate; that is, • --O•'rms , where c• is an order i coefficient to be determined. Meanwhile, the width of the streaks is presumed to be set by a balance between the narrowing tendency of the convergent strain field and the small-scale diffusion or mixing, which acts to widen the streak; that is, 2 is the rms cross-streak 
where ne is the effective eddy diffusivity due to the mesoscale eddies and is typically of order ne •-103 m2/s. This flamework has proven useful for describing tracer dispersal in numerical models. For example, simulations by Haidvogel and Keffer [1984] showed rapid development of tracer streaks that were consistent with an exponential growth (see section 5 for further discussion of their definition of the rms strain rate). Their simulations also showed an initial increase in small-scale tracer variance, possibly corresponding to the initial sharpening of tracer gradients by the mesoscale strain, followed by a slow smooth decay, consistent with the expected transition to diffusive spreading for large times. The evolution of a continuous tracer with a large-scale concentration gradient has been studied by Holloway and Kristmannsson [1984] , who showed that an effective eddy diffusivity formulation can also be used in that case and that such a diffusivity agrees with simple mixing length arguments. The idea of an effective eddy diffusivity is also supported by numerous observational studies of Lagrangian particle dynamics [e.g., Freeland et al., 1975; Colin de Verdiere, 1983; Davis, 1985] . The relationship between Lagrangian particle and passive tracer has also been discussed, for example, by Davis [1983, 1987] and Bennett [1987] . These studies have furthered our understanding of how tracer and particle dispersal would be influenced by turbulent stirring; however, until recently, there had been little opportunity to compare them directly with oceanic observations of a localized release of passive tracer. In section 2, we introduce some statistical tools for quantifying the dispersal and diffusion of Lagrangian particles and passive tracer. Section 3 provides an overview of the NATRE experiment and the tracer results, along with a statistical description of the float dispersal. Also in section 3, we address questions 1 and 2 by examining the observations in the context of the initial streakiness of a passive tracer and the concept of effective eddy diffusivity for long times [Garrett, 1983; Taylor, 1921] . In section 4, we introduce a numerical model that is used to simulate tracer and float dispersal. We show that the simulated tracer behavior is qualitatively consistent with the theoretical model of Garrett [1983] . Question 3 is then addressed using our numerical results as a quantitative test of Garrett's [1983] scaling arguments. In section 5, we offer a discussion of the possible biases and uncertainties associated with applying this scaling to a temporally and spatially varying strain field. Finally, in section 6, we summarize our results and their implications for the NATRE field study.
Goals and

Theoretical Background
2.1.
Formation of Tracer Streaks
In the present study, we are particularly interested in the second and third stages of dispersal, when the tracer is under the influence of the mesoscale strain field. Consider a patch made up of fully developed tracer streaks that have not yet begun to merge. During this second stage of dispersal, Garrett [1983] suggested that the mean streak width is set by a balance between the strain rate and small-scale diffusivity and that the growth of the area of the tracer patch should scale as the product of the along-streak growth rate times the mean streak width. For the purpose of quantitative diagnosis, e.g., using observed streak length and width to estimate strain rate and small-scale diffusivity [Ledwell et al., 1993, 2 2 << n•/•, and for small For a small initial patch, a•, ay times, the effects of the strain are negligible and (6) and (7) reduce to the diffusive limit that characterizes stage 1. For longer times when the strain is important, a temporal average of (7) shows that the cross-streak variance satisfies 
with the exponential growth rate F = fo •/(t)dt. These two points lie near the heart of this study and are discussed in some detail in section 5.
Particle Dispersal and Effective Eddy
Diffusivity
During the third stage of tracer dispersal, the concept of effective eddy diffusivity can be applied based on statistical considerations of particle dispersal in a turbulent flow [Taylor, 1921] . We now define a number 
which says that the dispersion is proportional to the time since release squared and the eddy kinetic energy. 
Numerical Simulations
Model
We used a pseudo-spectral model (described by Flierl et al. Table 1 .
Model Spin-up and Calibration
The flow was spun up for 1 year from an initial condition in which the perturbation stream functions were set to zero in the lower layer and assigned a random phase and an amplitude in the upper layer such that its energy spectrum was similar to the expected equilibrium spectrum. Figure 10 associated with rapid streak formation is the most compelling argument for using Garrett's [1983] scaling results to estimate the effective small-scale diffusivity. As noted above, this period is characterized by a fairly well defined streak width that permits unambiguous (although perhaps biased) estimates of ns.
Discussion
The above analysis suggests that the predictions of If we similarly compute the averaged strain rate as defined by the diagonalized strain tensor, we find values that are 3 to 6 times larger than the streak growth rate. Thus, while the averaged along-streak component of the strain rate is somewhat smaller than the streak growth rate, the diagonalized strain tensor is many times larger.
A similar result was reported by Pope [1990] for simulations of three-dimensional turbulence, namely, his mean "maximum extensive strain" was 3 times the "mean strain rate on a material line." From this, we conclude that for estimating the small-scale diffusivity from Garrett's [1983] theory, the along-streak component of the strain rate is a more appropriate measure of the strain rate than the diagonalized strain tensor.
Temporal and Spatial Variations
Locally, along some segment of a tracer streak, we expect that a balance obtains between some (possibly weighted) average of the directional strain rate and the small-scale diffusivity; that is, 2 O'rm s --Ns/(% ). However, the directional strain rate (and, in fact, any of the above measures of the strain rate) varies significantly on scales that are small compared with the streak width, which violates the assumption that the strain rate is uniform within a given streak (Figure 11) . In fact, a histogram of the directional strain rates (inset in Figure 11) , shows both negative as well as positive values of %; that is, the flow is not even always divergent in the along-streak direction. At first, this may seem counterintuitive; after all, it is the sign of the divergence that should determine the along-and cross-streak direction of the tracer. However, such. changes in the direction of the strain rate on scales smaller than the streak width are consistent with the splitting and bifurcating of tracer streaks seen in both the observations and the numerical solutions (Figures 1 and 7) .
How these small-scale spatial variations in the strain rate affect estimates of ns is unclear. Even if we could construct some appropriate spatial average, we must still contend with the mixed temporal variations in the strain rate (see also Pope [1990] for a discussion of temporal variations in strain in three-dimesional turbulence). This is illustrated by (8), which shows that the covariance between the strain rate and the cross- This shows that for T _< 1/%, for time t >> 1/%, F/t approaches %, which is precisely the mean value of V(t). This example suggests that rapid variations in do not significantly alter the long-term/steady balance between the streak width and the strain rate. However, slow variations in the strain rate may bias high our estimates of ns. Returning to our numerical results, it is interesting to assess in which regime our solutions lie. To determine this, we calculate directly the time dependent strain rate following a marked fluid parcel (Figure 13) 
Merging of Tracer Streaks
A third and final possible bias in our estimates of small-scale diffusivity stems from the merging of tracer streaks which must occur in order for the tracer to fill in the patch (see Figure 7) . When two streaks merge, each effectively loses its identity, leaving a single streak that is initially wider than either of the component streaks. From an observer's perspective, the inability to distinguish individual streaks from those that have resulted from a recent merger could lead to an overestimate of the streak width, which would lead, in turn, to the overestimation of n,. We were careful to avoid this bias in our analysis of simulated tracer, but, of course, we had nearly complete information about the model tracer. This may not always be possible in real oceanic tracer release experiments. However, the careful planning and execution of sampling surveys combined with an understanding of the time and space scales of the mesoscale flow should help avoid this bias.
Summary and Conclusions
In this study we have shown that the dispersal of a passive tracer in NATRE can be described using the ideas laid out by Garrett [1983] and that such tracer experiments can be simulated realistically using an appropriately calibrated numerical model. 
